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Protein secretion in eukaryotic cells is a well-studied process, which has been known for
decades and is dealt with by any standard cell biology textbook. However, over the past
20 years, several studies led to the realization that protein secretion as a process might
not be as uniform among different cargos as once thought. While in classic canonical
secretion proteins carry a signal sequence, the secretory or surface proteome of several
organisms demonstrated a lack of such signals in several secreted proteins. Other
proteins were found to indeed carry a leader sequence, but simply circumvent the Golgi
apparatus, which in canonical secretion is generally responsible for the modification
and sorting of secretory proteins after their passage through the endoplasmic reticulum
(ER). These alternative mechanisms of protein translocation to, or across, the plasma
membrane were collectively termed “unconventional protein secretion” (UPS). To date,
many research groups have studied UPS in their respective model organism of choice,
with surprising reports on the proportion of unconventionally secreted proteins and their
crucial roles for the cell and survival of the organism. Involved in processes such as
immune responses and cell proliferation, and including far more different cargo proteins
in different organisms than anyone had expected, unconventional secretion does not
seem so unconventional after all. Alongside mammalian cells, much work on this
topic has been done on protist parasites, including genera Leishmania, Trypanosoma,
Plasmodium, Trichomonas, Giardia, and Entamoeba. Studies on protein secretion have
mainly focused on parasite-derived virulence factors as a main source of pathogenicity
for hosts. Given their need to secrete a variety of substrates, which may not be
compatible with canonical secretion pathways, the study of mechanisms for alternative
secretion pathways is particularly interesting in protist parasites. In this review, we
provide an overview on the current status of knowledge on UPS in parasitic protists
preceded by a brief overview of UPS in the mammalian cell model with a focus on IL-1β
and FGF-2 as paradigmatic UPS substrates.
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INTRODUCTION
A protein destined to be secreted carries a signal peptide or signal leader sequence and is often
transported from the ER to the Golgi apparatus, to the trans-Golgi network for sorting, and finally
to the plasma membrane via vesicular carriers (Palade, 1975; Rothman, 1994). This is a classic
dogma of the cell biology of secretory protein trafficking and remains true for many proteins
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leaving the intracellular space. However, more and more
leaderless proteins are identified in the secretomes and
surface proteomes of various species. These proteins reach
the plasma membrane while bypassing classical secretory
routes. Furthermore, some proteins with leader sequences were
discovered to pass through the ER but to bypass the Golgi
apparatus on their way to the plasma membrane. These non-
canonical secretion pathways are collectively summarized under
the term “unconventional protein secretion” (UPS) to distinguish
them from classic canonical secretion following the ER–Golgi
pathway (Rabouille et al., 2012).
Currently, there are mainly four described eukaryotic UPS
pathways (Figure 1 and Table 1). UPS type I is probably the best
characterized and was mainly elucidated using fibroblast growth
factor 2 (FGF2) as its model substrate (Wegehingel et al., 2008; La
Venuta et al., 2015; Steringer et al., 2015; Legrand et al., 2020). In
this secretion pathway, the leaderless substrate is translocated to
the extracellular space with self-sustained formation of pores in
the plasma membrane. The second described UPS pathway, type
II, is mediated by ABC transporters, which transport leaderless
acylated proteins across the plasma membrane. Although there
are limited reports investigating the mechanisms of this pathway
in-depth, several eukaryotes appear to employ this mode of
secretion [mammals (Flieger et al., 2003), Drosophila (Ricardo
and Lehmann, 2009), yeast (McGrath and Varshavsky, 1989),
Leishmania (Denny et al., 2000; Stegmayer et al., 2005; MacLean
et al., 2012), and Plasmodium (Möskes et al., 2004)]. This suggests
that ABC transporter-mediated non-conventional secretion is
conserved among eukaryotes (Ricardo and Lehmann, 2009).
UPS type III in mammalian cells involves intracellular vesicular
structures induced upon starvation (Bruns et al., 2011; Malhotra,
2013; Cruz-Garcia et al., 2020). As shown for IL-1β (Rubartelli
et al., 1990; Andrei et al., 2004; Qu et al., 2007), AcbA in
Dictyostelium discoideum (Kinseth et al., 2007; Cabral et al., 2010)
and its yeast ortholog Acb1 (Duran et al., 2010; Manjithaya et al.,
2010; Curwin et al., 2016) compartments (CUPS compartments
for UPS, endosomes or exosome-like compartments) transport
leaderless cargo proteins across the plasma membrane (Nickel
and Rabouille, 2009; Curwin et al., 2016). UPS route type IV
is the only known UPS pathway, which includes substrates
presenting a leader sequence. These substrates are trafficked
through the ER, but bypass the Golgi on their way to the plasma
membrane (Gee et al., 2018; Kim et al., 2018). Even though
not much is known about the machinery mediating the Golgi
bypass, the best studied substrate of this pathway is the cystic
fibrosis transmembrane conductance regulator (CFTR; Yoo et al.,
2002; Gee et al., 2011; Rabouille et al., 2012). CFTR travels via
the so-called pericentrosomal intermediate compartment, where
it can reach recycling endosomes and is then transported to
the plasma membrane (Marie et al., 2009; Prydz et al., 2012;
Rabouille et al., 2012). Although the current UPS landscape
appears complex, it is probably that more UPS routes remain
to be discovered. Furthermore, it is also probable that the
same substrate can be transported over several different routes,
depending on cellular conditions.
With more and more published secretomes and surface
proteomes and therein found leaderless proteins, the interest
FIGURE 1 | Displayed are the canonical conventional as well as
unconventional secretion pathways described in studies on mammalian cells
and/or studies on protist parasites. In the conventional canonical secretion
pathway, the secreted substrate passes through the endoplasmic reticulum
(ER) to the Golgi apparatus (Golgi) and then to the plasma membrane via
vesicular carriers. Several non-canonical pathways have been discovered and
summarized under the term “unconventional protein secretion” (UPS). There
are four pathway types formally described. UPS pathway I (UPS I) consists of
substrates without a canonical signal sequence, transported via self-sustained
channels. The best characterized substrate of this pathway is fibroblast
growth factor. UPS route II is mediated by ABC transporters, as in the
secretion of the leaderless Leishmania HASPB. UPS pathway III (UPS III) was
mainly studied in mammalian cells under starvation conditions. In this
pathway, leaderless substrates such as IL-1b are transported across the
plasma membrane involving vesicular compartments for UPS (CUPS) which
turn into autophagosomes. These autophagosomes then either fuse with
multivesicular bodies (MVB) or fuse directly with the plasma membrane. The
fourth described pathway (UPS IV) involves transmembrane proteins
sequence for secretion, but the substrate (for example, cystic fibrosis
transmembrane conductance regulator) bypasses the Golgi apparatus on the
way from the ER to the plasma membrane. The two additional unconventional
secretion pathways depicted in this figure involve the formation of pores as in
UPS I, but these pores are not self-sustained and involve gasdermin-D (in
case of IL-1b secretion) or perforin-2 facilitation (in case of IL-33).
in studies on UPS is increasing. Involved in the most central
mechanisms of disease such as inflammation and cancer
cell proliferation and, specifically for this review, secretion
of virulence factors in parasites, it is of crucial importance
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TABLE 1 | Overview of UPS pathways including information on known machineries or components and relevant cargo examples.
UPS route type Signal sequence
for secretion
Known machineries/components Examples of known cargo Selected references
Type I No Self-sustained channels (binding to
α1-subunit of Na,K-ATPase and PI(4,5)P2)
FGF2, HIV-TAT Temmerman et al., 2008; Zeitler et al., 2015;
Legrand et al., 2020
Type II No ABC- transporters, N-terminal domain HASPB, PfAK2 Denny et al., 2000; Stegmayer et al., 2005;
MacLean et al., 2012; Thavayogarajah et al.,
2015; Kim et al., 2018
Type III No Vesicles, inflammasome, heat shock
protein, GRASP, ESCRTs
IL-1β, Acb1, HMGB1 Nickel and Rabouille, 2009; Dupont et al.,
2011; Curwin et al., 2016; Cruz-Garcia et al.,
2020; Kim et al., 2020
Type IV Yes Golgi bypass via pericentrosomal
intermediate compartment, transmembrane
domain
CFTR Rabouille et al., 2012; Gee et al., 2018; Kim
et al., 2018
Pore formation No Gasdermin D, perforin-2 IL-1β, IL-33 Martín-Sánchez et al., 2016; Heilig et al., 2017;
Lieberman et al., 2019; Hung et al., 2020
IL-1β is highlighted to emphasize its known use of two different UPS pathways. FGF2, fibroblast growth factor 2; HASPB, hydrophilic acylated surface protein B; GRASP,
Golgi reassembly stacking protein; PI(4,5)P2, phosphatidylinositol-4,5-bisphosphate; CFTR cystic fibrosis transmembrane conductance regulator; PfAK2, Plasmodium
falciparum adenylate kinase 2; ESCRT, endosomal sorting complex required for transport.
to understand the underlying mechanisms of unconventional
secretion. Unraveling machineries involved in UPS will severely
impact translational research and the development of therapeutic
strategies in associated diseases, which are often caused by
aberrant UPS-related processes (Kim et al., 2018).
In this short review, we will highlight the similarities and
differences in UPS pathways and substrates in protist parasites
and mammalian cells. Our objective is to provide the reader with
a solid overview of developments in this fast growing, but still
mostly underexplored, field of research.
UNCONVENTIONAL PROTEIN
SECRETION IN MAMMALIAN CELLS
Secretion of Interleukin IL-1β
The roots of UPS research lie over 30 years back in time, in
studies carried out primarily on mammalian cells. When the
human cytokine interleukin 1 was sequenced, it was found to lack
a leader sequence allowing this secreted molecule to enter the
ER–Golgi pathway for secretion (Auron et al., 1984). The non-
canonical secretion of cytokines has been studied since, often
using interleukin 1 beta (IL-1β) as a model substrate (Rubartelli
et al., 1990; Andrei et al., 2004; Daniels and Brough, 2017).
IL-1β is a crucial cytokine in immune reactions and has been
associated with many different states of disease, infection, and
injury (Dinarello, 1996; Lopez-Castejon and Brough, 2011). The
precursor form pre-IL-1β is converted to the active cytokine via
the inflammasome apparatus (Dupont et al., 2011; Lamkanfi,
2011; Lamkanfi and Dixit, 2012). Although much effort has been
invested in elucidating secretion mechanisms for IL-1β, they are
not yet fully understood (Lopez-Castejon and Brough, 2011).
Several different pathways were suggested by which active
IL-1β is translocated across the cell membrane. The release of
IL-1β is induced by a variety of secretion stimuli: pathogen-
associated molecular patterns (PAMPs) or danger-associated
molecular patterns (DAMPs; Takeuchi and Akira, 2010; Lopez-
Castejon and Brough, 2011), depending on cell type and stimulus
(Lopez-Castejon and Brough, 2011; Kim et al., 2018). One
mechanism involves vesicular carriers as part of a UPS type
III route for IL-1β release (Rabouille et al., 2012). As described
in Dupont et al. (2011), IL-1β is captured by the autophagy-
related process of sequestration of cytosol into a vesicular
organelle called the autophagosome, which transports IL-1β
to the plasma membrane for secretion. Some studies suggest
that instead of directly fusing with the plasma membrane, the
autophagosome fuses with a multivesicular body (MVB) to
form an “amphisome” before fusing with the plasma membrane
(Zhang et al., 2015). Even though not completely elucidated,
the availability of Golgi reassembly stacking protein (GRASP)
seems to be of great importance for successful translocation
of IL-1β, since the knockdown of GRASP leads to strongly
decreased secretion (Nickel and Rabouille, 2009; Dupont et al.,
2011). Induction of autophagy appears to enhance inflammasome
activity and, therefore, the production of active IL-1β. This
suggests a strong link between autophagy and cytokine secretion,
which was shown to influence severity of inflammation (Dupont
et al., 2011). Zhang et al. (2015) investigated the translocation
process of IL-1β into the autophagosomal compartment for UPS
(CUPS) and found a strong dependency on a heat shock protein
(HSP90) and GRASP proteins (Zhang et al., 2015). Additionally,
Zhang et al. (2015) suggested in the same study that mature
IL-1β targets a vesicular structure, which precedes sequestration
into the autophagosome. This preceding step was now studied
in greater detail (Zhang et al., 2020). This study suggests that
the described vesicular structure corresponds to the ER–Golgi
intermediate compartment (ERGIC), and IL-1β is transported
into this compartment via a TMED10-mediated protein channel
(Zhang et al., 2020).
Similar to IL-1β, AcbA (acylcoenzyme A-binding protein)
and its yeast ortholog Acb1 have been shown to traffic along
the UPS type III route (Kinseth et al., 2007; Cabral et al.,
2010; Duran et al., 2010; Manjithaya et al., 2010; Curwin
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et al., 2016). In yeast, Acb1 was found to be secreted during
starvation of the cell, despite the lack of a signal sequence
for secretion (Duran et al., 2010; Curwin et al., 2016). The
machinery involving transport of the cargo via CUPS requires
ESCRT proteins I, II, and III for successful secretion of Acb1
(Duran et al., 2010; Curwin et al., 2016). As ESCRT proteins
are necessary to build up an MVB, it was hypothesized that
UPS III involves secretion via MVBs (Duran et al., 2010). The
results of an in-depth study by Curwin et al. (2016) found that
even though certain components for the formation of a classic
MVB are present, a part of the necessary machinery is lacking
(ESCRT-0 or Vps4 proteins; Curwin et al., 2016). The authors
suggest that instead of canonical MVBs, a specific doubled
membrane-bounded multivesicular compartment is involved
in Acb1 secretion (Curwin et al., 2016). They speculate that
this compartment might be the functional ortholog of the
amphisomes in IL-1β secretion (Zhang et al., 2015; Curwin
et al., 2016). Studies on AcbA in Dictyostelium found that
secretion involves cortical vesicles, which fuse with the surface
membrane, or exocytosis of the vesicles from MVBs in a GRASP
protein-dependent fashion (Kinseth et al., 2007; Cabral et al.,
2010).
As Kim et al. (2020), showed in a recent study, the secretion of
high-mobility group box 1 protein (HMGB1) represents another
cargo of UPS pathway III. This protein, which is usually found in
the nucleus where it acts as a DNA chaperone, has the function
of a danger-associated molecular pattern when transported to the
extracellular space and induces inflammation and cell migration
(Andersson and Tracey, 2011). For its transport across the
plasma membrane, a similar vesicular trafficking machinery
is involved as has been found in IL-1b, including GRASP
(GORASP2/GRASP55) and heat shock protein (HSP90AA1;
Dupont et al., 2011; Zhang et al., 2015; Kim et al., 2020).
Another mode of IL-1β secretion does not involve vesicular
carriers but the formation of pores in the plasma membrane
(Martín-Sánchez et al., 2016; Heilig et al., 2017). IL-1β is also
secreted by pyroptotic cells about to undergo inflammasome-
controlled programmed cell death (Fink and Cookson, 2005;
Lamkanfi and Dixit, 2012). The secretion of IL-1β by macrophage
cells, seems to depend strongly on permeabilization of the plasma
membrane (Martín-Sánchez et al., 2016). Gasdermin D has long
been known as a regulator of pyroptosis, forming pores in the
plasma membrane of a cell to induce programmed cell death
(Ding et al., 2016). It was found that IL-1β secretion strongly
depends on gasdermin Ds’ pore-formation ability (He et al., 2015;
Martín-Sánchez et al., 2016). However, whether IL-1β is secreted
passively due to cell death, or actively by living cells, is a question
that was only recently answered (Evavold et al., 2018; Kuriakose
and Kanneganti, 2018; Lieberman et al., 2019). In a study by
Evavold et al. (2018), gasdermin D pores were shown to be
necessary for IL-1β transport across an intact plasma membrane
of living macrophages. This suggests that gasdermin D is not only
responsible for passive interleukin secretion during pyroptosis
but also for its active transport in living cells (Heilig et al., 2017;
Evavold et al., 2018; Lieberman et al., 2019). Even though this
mode of secretion via pores has similarities with the UPS type
I route, which was mainly studied in FGF2 (elaborated on in the
section “Translocation and Binding of Fibroblast Growth Factor
2”), neither pro-IL-1β nor mature IL-1β was found to bind to
membranes (Martín-Sánchez et al., 2016); hence, the transport
is not mediated by the substrate itself. In this respect, this route
does not fully match the description of UPS route type I and
rather represents a separate UPS route. It is very likely that also
other cargos employ more than one route of unconventional
secretion or show secretion mechanisms, which do not fit in
the previously described four routes of unconventional secretion
as for IL-1β. Elucidating the mechanisms of non-canonical
secretion of IL-1β boosts translational research on this molecule,
which has shown to have not only positive effects as a mediator
in immune response but, if found in elevated levels, can also
have severe negative effects in conditions such as diabetes type
II (Maedler et al., 2009).
Importantly, interleukin secretion in mammalian cells also
plays a crucial role in the innate immune reaction against
parasitic infections (Ryan et al., 2020). Interleukin 33 (IL-33) does
not have a signal sequence, while it is still found to be secreted
early on when a parasite is invading, involved in priming and/or
modulating adaptive immune response of the host (Cayrol and
Girard, 2018; Ryan et al., 2020). Similar to one of the pathways
for IL-1β, IL-33 secretion has been brought into connection with
cell death, while for both interleukins, cell death seems not to
be a strict requirement for their release (Kouzaki et al., 2011;
Chen et al., 2015; Molofsky et al., 2015; Daniels and Brough,
2017; Ryan et al., 2020). As Hung et al. (2020) could show in a
recent study, in mouse dendritic cells, IL-33 export was facilitated
by perforin-2, which forms pores in the plasma membrane,
similar to gasdermin D.
Interleukin 33 has been shown to have a significant impact on
different T cells, influencing their differentiation, behavior, and
physiology (Alvarez et al., 2019; Ryan et al., 2020). This makes this
interleukin an attractive potential target for translational research
as an immunotherapy treatment in toxoplasmosis, malaria, and
helminth infections (Jones et al., 2010; Yasuoka et al., 2011;
Fairlie-Clarke et al., 2018; Ryan et al., 2020).
Translocation and Binding of Fibroblast
Growth Factor 2
Fibroblast growth factor 2 (FGF2) is the substrate that quickly
became the most studied UPS cargo in mammalian cells. The
mechanisms by which it is secreted are by far the most elucidated
and have been allocated to UPS route type I. FGF2 is an
angiogenic mitogen with a wide variety of functions, from
cell growth and tissue repair to differentiation of the nervous
system. While its extracellular form shows pro-angiogenic and
pro-inflammatory activity, FGF2 acts as a mitogenic stimulus
when localized in the nucleus (Bikfalvi et al., 1997; Jeffery, 1999;
Collingridge et al., 2010; Gómez-Arreaza et al., 2014; Yoon
et al., 2018), thus, making FGF-2 an example of “moonlighting”
protein, a protein with multiple functions (Jeffery, 2018). FGF2
was shown to be secreted directly and independently of ATP
(Schäfer et al., 2004). The current state of knowledge concerning
FGF2 secretion involves recruitment from the cytosol to the
inner leaflet of the plasma membrane where it binds to
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the α1-subunit of Na,K-ATPase and phosphatidylinositol-4,5-
bisphosphate [PI(4,5)P2] (Temmerman et al., 2008; Legrand
et al., 2020). As Legrand et al. (2020) hypothesized in a recent
study (Legrand et al., 2020), the α1-subunit of the Na,K-ATPase
would accumulate FGF2 at the inner plasma membrane leaflet
and, thus, facilitate PI(4,5)P2-dependent secretion to the cell
surface. When reaching the extracellular space, FGF2 seems to
bind immediately to cell surface heparan sulfate proteoglycans
(HSPGs), which are anchored in the plasma membrane and
trap secreted FGF2 (Zehe et al., 2006; Wegehingel et al., 2008).
The binding of FGF2 to HSPG serves a storage function
as well as the protection of FGF2 against degradation and
denaturation (Flaumenhaft et al., 1990; Coltrini et al., 1993).
As Wegehingel et al. (2008) could show, FGF-2 is no longer
functional if it is modified with a leader sequence to enter the
canonical secretion pathway. The addition of a leader sequence
leads to posttranslational modifications, which prevent FGF-2
from binding to heparan sulfate proteoglycans and, therefore,
inhibits storage and signal transduction (Wegehingel et al.,
2008). Secretion of HIV-TAT, an HIV-1 protein, which acts
extracellularly as a viral toxin, has been suggested to use the
same UPS core mechanism as FGF-2 (Zeitler et al., 2015). Here,
too, oligomerization involving PI(4,5)P2, led to the formation of
plasma membrane pores through which HIV-TAT reached the
extracellular space (Zeitler et al., 2015).
Significance of Unconventional Protein
Secretion in Mammalian Cells
With IL-1β and FGF2 being the most studied, there are many
other substrates in mammalian cells that were identified to
be secreted unconventionally (Nickel, 2005; Kim et al., 2018).
Galectins and annexins (Hughes, 1999; Popa et al., 2018), other
interleukins such as IL-1α and IL-33 (Daniels and Brough, 2017),
transmembrane proteins CFTR and Mpl (Gee et al., 2011; Cleyrat
et al., 2014; Kim et al., 2016, 2018; Noh et al., 2018), and the
multifunctional glycolytic enzyme GAPDH, which was found
to be associated with exosomes (Théry et al., 2009; Mathivanan
et al., 2010; Chauhan et al., 2015), represent a few examples.
Studies performed on neuronal cell lines show that hundreds
of neuronal surface proteins reach the plasma membrane in a
UPS pathway bypassing the Golgi apparatus (UPS type IV; Hanus
et al., 2016). All these cases in various cell types emphasize the
significance of UPS in mammalian cell biology. The mechanisms
by which these substrates are secreted are only partly understood.
In mammalian cell model systems, mechanisms for all described
UPS routes are suggested, depending on the cargo and secreting
cell type (Evavold et al., 2018; Kim et al., 2018; Noh et al.,
2018; Popa et al., 2018; Legrand et al., 2020). As recently
reviewed by Kim et al. (2018), because of the tight association
between UPS substrates and a wide variety of prevalent and
severe diseases, UPS harbors great potential for drug targeting
and therapeutic approaches, with tremendous potential impact
on pharmaceutical intervention. Cancer, AIDS, cystic fibrosis,
Alzheimer’s and Parkinson’s disease, and diabetes have all been
found to be influenced by molecules secreted in a non-canonical
fashion (Woodbury and Ikezu, 2014; Kim et al., 2016, 2018).
To study UPS in mammalian cells, different experimental
setups have been explored. These include in vivo studies in
mice (Dupont et al., 2011; Giuliani et al., 2011), in vitro studies
on human cell cultures (Kim et al., 2016) on HeLa cells or
on innovative artificial constructs such as inside-out vesicles as
described in Schäfer et al. (2004), in silico analysis, and docking
experiments to decipher secretion motifs and protein structure.
In UPS in vitro studies, the chosen system and induction
conditions are essential. The limitations lie in the fact that
each treatment will disproportionately affect signaling pathways,
leading to indirect effects (Giuliani et al., 2011).
Notably, even though much effort has been invested
to elucidate UPS in mammalian cells, most molecular
mechanisms remain unclear.
Unconventional Protein Secretion in
Protist Parasites
Proteins that find their way to the cell surface without entering
the ER–Golgi pathway are also present in parasitic protozoa.
When investigating secretomes of several protist parasites,
researchers have found substrates that do not carry any known
leader sequences but are either exposed on the cell surface
or found in the extracellular medium. UPS has specifically
been studied in some of the most prevalent parasitic genera
(Table 2): Leishmania (Cuervo et al., 2009; MacLean et al.,
2012), Trypanosoma (Geiger et al., 2010; Neves et al., 2014),
Plasmodium (Möskes et al., 2004; Thavayogarajah et al., 2015),
Trichomonas (Gómez-Arreaza et al., 2014; Miranda-Ozuna et al.,
2016), and Giardia (Eckmann et al., 2000; Ringqvist et al., 2008;
Touz et al., 2008; Skarin et al., 2011). UPS cargo often presents
moonlighting functions when transported to the extracellular
space (Jeffery, 1999). Furthermore, it has been suggested that
moonlighting and UPS are directly linked to each other, as
posttranslational modifications seem to influence function as well
as transport of a protein (Tristan et al., 2011). Especially in
glycolytic enzymes, proteins that do not carry a leader sequence
for secretion, moonlighting of extracellular proteins is strikingly
common (Jeffery, 1999; Collingridge et al., 2010; Gómez-Arreaza
et al., 2014). The diverse functions of these unconventionally
translocated proteins, essential for the invasion and persistence
of parasites, suggest that glycolytic enzymes may be among the
most important UPS cargos in protist parasites.
Leishmania and Trypanosoma
As Silverman et al. (2008) have shown, secretion in Leishmania
seems to involve UPS on a regular basis. The secretome analysis
of Leishmania donovani revealed that the majority of secreted
proteins do not carry leader sequences and must, therefore,
be secreted unconventionally (Silverman et al., 2008). The
same seems to be true for a close relative of Leishmania, as
Trypanosoma has been suggested to employ UPS substantially
(Geiger et al., 2010; Neves et al., 2014). Geiger et al. (2010)
could demonstrate that only a small portion of secreted proteins
carry secretion motives. It was proposed that proteins might be
secreted via microvesicles, budding off at an organelle called the
flagellar pocket (Geiger et al., 2010). In Leishmania as well as in
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TABLE 2 | Overview of selected parasitic UPS cargo, including parasitic species and evidence for moonlighting functions.
Selected parasitic UPS
cargo




Enolase Glycolytic enzyme, virulence factor Giardia, Entamoeba, Plasmodium,
Trichomonas
Yes Tovy et al., 2010; Ghosh et al., 2011;
Miura et al., 2012; Ahn et al., 2018
Triosephosphate isomerase
(TvTIM)
Glycolytic enzyme, virulence factor Trichomonas Yes Miranda-Ozuna et al., 2016
Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)
Glycolytic enzyme, virulence factor Entamoeba, Trypanosoma,
Trichomonas, Plasmodium
Yes Grébaut et al., 2009; Lama et al., 2009;
Biller et al., 2014; Cha et al., 2016;
Miranda-Ozuna et al., 2016
Translation elongation factor 1
alpha (TEF-1α)
Elongation factor, virulence factor Plasmodium, Leishmania,
Trypanosoma, Giardia
Yes Nandan et al., 2002; Silverman et al.,
2008; Grébaut et al., 2009; Skarin
et al., 2011; Demarta-Gatsi et al., 2019
Hydrophilic acylated surface
protein B (HASPB)
Parasite transmission, virulence factor Leishmania No MacLean et al., 2012; Kim et al., 2018
Trypanosoma, there is clear evidence that UPS plays a crucial role
in these species’ virulence (Silverman et al., 2008; Geiger et al.,
2010). Nevertheless, further insight into secretion machineries
is still needed.
A relatively well-studied UPS substrate is translation
elongation factor 1 alpha (TEF-1α). TEF-1α was found in
the secretomes of Trypanosomes (Grébaut et al., 2009) as
well as in Leishmania (Silverman et al., 2008). Leishmania-
derived TEF-1α leads to deactivation of host macrophages
(Nandan et al., 2002) and was used in an anti-leishmanial
vaccine LeishDNAvax, as one of several antigens (Das et al.,
2014; Naouar et al., 2016). Even though in Leishmania the
secretion mechanism of TEF-1α has not yet been elucidated,
this protein presents no classical secretory motifs in its amino
acid sequence (Nandan et al., 2002). Another well studied
translocation is the unconventional secretion of HASPB
(hydrophilic acylated surface protein B) in Leishmania species.
The function of HASPB is not fully elucidated, but it is suggested
that it is involved in parasite transmission from the sand fly
to the mammalian host or in establishing the parasite in the
host macrophages (MacLean et al., 2012; Kim et al., 2018).
The molecular machinery behind the secretion of HASPB
is only partly understood. Rather than being transported by
intracellular vesicles (Nickel, 2005), HASPB export involves
ABC transporter-mediated processes, in a UPS type II route
(Denny et al., 2000; Stegmayer et al., 2005; MacLean et al.,
2012; Kim et al., 2018). While not carrying a classic secretory
signal sequence, the N-terminal myristoylation of this protein
is suggested to direct HASPB to the plasma membrane
(Denny et al., 2000).
This N-terminal domain is necessary and sufficient since
HASPB expressed heterologously in mammalian cells is correctly
secreted, suggesting a highly conserved export machinery, which
allows the export signal to be recognized by higher eukaryotes
(Denny et al., 2000).
The glycolytic enzyme and widely studied UPS cargo GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was found in
Trypanosoma exosomes (Geiger et al., 2010). In the secretome
identification study of Grébaut et al. (2009), it was pointed
out that, being involved in energy metabolism of the parasite,
GAPDH is a virulence factor in Trypanosomes and a potential
drug target (Grébaut et al., 2009).
Plasmodium
In the malaria parasite Plasmodium, protein secretion has been
intensively studied because of its complexity due to several
membranes a parasite protein has to travel through (Möskes
et al., 2004). There are, for example proteins, that are targeted
to the hosts red blood cells and have to be transported past the
own cell membrane, then the parasitophorous vacuole membrane
before even reaching the host cell. The unconventional secretion
of enolase, a glycolytic enzyme, has been studied in a wide range
of organisms. As experiments in yeast suggest, unconventional
secretion might often be mediated by SNARE proteins (Miura
et al., 2012). In Plasmodium, enolase seems to be of high
importance for the parasite in the mosquito stage, while the
secretion mechanisms are unclear (Ghosh et al., 2011). Ghosh
et al. (2011) have studied Plasmodium ookinetes and found
that enolase lines the ookinete surface and plays a crucial role
in midgut invasion (Ghosh et al., 2011). While acting as an
interaction ligand to the midgut epithelium of the mosquito, it
also captures plasminogen, which in turn promotes the invasion
machinery, both functions ultimately promoting the cell invasion
process (Ghosh et al., 2011).
As mentioned for trypanosomes, GAPDH, is an extracellular
glycolytic enzyme similarly widespread in parasites as enolase
(Gómez-Arreaza et al., 2014). In Plasmodium, it plays a role
in vesicular transport and host cell invasion (Daubenberger
et al., 2003; Cha et al., 2016). It was found that GAPDH is
located on the surface of Plasmodium sporozoites and mediates
parasite traversal through Kupffer cells and infection of liver cells,
therefore, performing a crucial role as virulence factor of this
parasite (Cha et al., 2016). Plasmodium GAPDH is suggested as a
promising vaccine candidate for a prehepatic vaccine antigen, as
the sequence of Plasmodium GAPDH seems sufficiently different
from mammalian GAPDH (Cha et al., 2016).
A protein not belonging to the group of glycolytic enzymes,
which gained just as much interest in Plasmodium research as
it has in Trypanosomes, is TEF-1α (Demarta-Gatsi et al., 2019).
TEF-1α is another good example of an unconventionally secreted
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moonlighting protein. As a study on Plasmodium berghei shows,
in this parasite, TEF-1α is secreted via extracellular vesicles
(Demarta-Gatsi et al., 2019). Plasmodia deficient in TEF-1α was
no longer able to suppress T-cell response (Demarta-Gatsi et al.,
2019). Furthermore, immunization of the host with this protein
led to long-lasting protection from the parasite (Demarta-Gatsi
et al., 2019).
The Plasmodium falciparum adenylate kinase 2 (PfAK2)
secretion pathway shows a similar pattern to what was found
in HASPB secretion in Leishmania, highlighting the importance
of cotranslational modifications in targeting proteins for
unconventional secretion pathways (Denny et al., 2000; Nickel,
2005; Thavayogarajah et al., 2015). Similar to HASPB, three
N-terminal motifs found in PfAK2 were sufficient to target and
translocate this protein across the parasite plasma membrane,
an N-terminal myristoylation, a putative palmitoylation, and
several basic amino acid residues in the 37 terminal amino acids
(Thavayogarajah et al., 2015).
We attempted to reconstruct and compare the three-
dimensional structure of the N-terminal 37 amino acids of
PfAK2 as well as the N-terminal 55 amino acids of Leishmania
HASPB using the Robetta web server.1 Even though both
modeled N-termini showed large helical structures, the obtained
models were either low confidence ones (e-values of 0.41 for
PfAK2, 0.28 for HASPB) in comparative modeling (Song et al.,
2013) or presented very high angstrom error estimates using
the TrRefineRosetta modeling method (Hiranuma et al., 2021;
Yang et al., 2020). α-Helical structures are typical for classic
secretory signal peptides (Emr and Silhavy, 1983); if present in
UPS substrates, they may mimic membrane-association domains,
which may favor membrane traversal.
Trichomonas
The sexually transmitted parasite Trichomonas vaginalis secretes
virulence factors to the cell surface to adhere to the vaginal
and cervical epithelia to be able to establish in this difficult
microenvironment (Miranda-Ozuna et al., 2016). Several of these
virulence factors have been studied for their secretion. TvTIM
(triosephosphate isomerase) has been found on the surface
of the parasite in addition to TvENO and seems to be an
important part of host–pathogen interactions for this parasite
(Miranda-Ozuna et al., 2016). TvTIM was studied specifically
for its secretion pathways, and it was found that it might
employ more than one route of UPS. In localization assays
performed by Miranda-Ozuna et al. (2016), this protein was
shown to be unconventionally secreted either via vesicles, or free
of cytoplasmic vesicles, while the detailed underlying mechanism
involved in its secretion could not be unraveled. TvGAPDH too
is located on the cell surface and acts as a fibronectin-binding
protein, being a crucial factor in host colonization and persistence
(Lama et al., 2009; Miranda-Ozuna et al., 2016).
Giardia and Entamoeba
Giardia lamblia is an especially interesting organism when
studying unconventional protein secretion. This organism lacks
1https://robetta.bakerlab.org/
organellar structures reminiscent of a Golgi apparatus and
is, therefore, an ideal system to study protein secretion
independently of a classical ER–Golgi route (Palade, 1975;
Rothman, 1994). The pathogenesis of this parasite is yet
to be fully unraveled. During infection, Giardia trophozoites
attach tightly to the intestinal walls of their host, but remain
extracellular throughout their life cycle. The host experiences
various symptoms such as nausea, vomiting, epigastric pain,
and diarrhea (Ankarklev et al., 2010). Nutrient depletion of
the host, caused by the feeding of Giardia, as well as secreted
cargo by the parasite might be reasons for these symptoms.
When comparing secretion in axenic cultures of G. lamblia
trophozoites to cocultures with intestinal epithelial cells, giardial
enolase was a protein that was considerably enriched in the
medium of cocultured cells, suggesting that epithelial cells must
have triggered enhanced Giardia enolase secretion in this model
system (Eckmann et al., 2000; Ringqvist et al., 2008). Parasite-
derived enolase, ornithine carbamoyltransferase (OCT), TEF-1
α, and arginine deiminase (ADI) were all found extracellularly
in the absence of a signal sequence (Eckmann et al., 2000;
Ringqvist et al., 2008; Touz et al., 2008; Skarin et al., 2011).
The capability of enolase to show moonlighting functions is
demonstrated in the intestinal parasite Entamoeba histolytica,
where enolase shows a cytosolic as well as a nuclear localization
(Tovy et al., 2010). In the nucleus, it interacts with, and
regulates, Dnmt2 (cytosine-5 methyltransferase 2) activity, which
catalyzes DNA methylation, whereas when secreted, enolase
potentially functions as a virulence factor (Riahi et al., 2004; Tovy
et al., 2010; Ahn et al., 2018). In E. histolytica, GAPDH seems
likely to be another unconventionally secreted virulence factor
playing a role in colonization of the host, influencing adhesion
(Biller et al., 2014).
The role of ADI and OCT in G. lamblia host–pathogen
interaction was specifically investigated in connection to local
arginine depletion in the gut, as arginine depletion has a
negative impact on host cell-dependent nitric oxide production
and promotes parasite adhesion to the intestinal epithelium
(Stadelmann et al., 2012; Banik et al., 2013). Alongside virulence
factors, G. lamblia cells secrete large amounts of membrane-
anchored variant surface antigens involved in antigenic variation
for immune evasion (Gargantini et al., 2016). These variant
surface proteins (VSPs) carry a leader sequence; however, since
Giardia does not contain a Golgi apparatus, VSP secretion is
effectively a Golgi bypass, UPS pathway type IV trafficking
route (Gargantini et al., 2016). Secretome and surface proteome
analysis of Giardia have revealed a large number of proteins,
which are translocated across the plasma membrane without
carrying a signal sequence, making these cargos highly interesting
for studies on UPS machinery (Ma’ayeh et al., 2017; Dubourg
et al., 2018; Davids et al., 2019).
OPEN QUESTIONS AND FUTURE
PERSPECTIVES
Even though the first secreted proteins without a classical
signal sequence for secretion have been known for over
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three decades (Auron et al., 1984), the potential impact and
benefits of deeper knowledge on UPS only just recently become
more evident. Many open questions remain concerning the
molecular mechanisms of translocation of most UPS cargos. In
protist parasites, higher accessibility to whole secretomes and
surface proteomes led to the discovery of a large number of
putative UPS cargos (Silverman et al., 2008; Grébaut et al.,
2009; Lama et al., 2009; Geiger et al., 2010; Biller et al.,
2014; Cha et al., 2016; Miranda-Ozuna et al., 2016). Even
though categorization of UPS substrates according to their
secretion pathway has been attempted (Rabouille, 2017), a
lack of knowledge on the variety and details of molecular
translocation machineries make it difficult to find meaningful
categories, which can be generally applied, as the example of
IL-1β shows.
There are still many open questions, which will have to
be solved for every cargo individually. How do proteins
without a classic signal sequence enter a translocation pathway;
what singles them out? Are there “unconventional” signal
sequences for secretion? To solve these questions, what is
sorely needed are ad hoc in silico prediction tools. Using an
in silico program for sequence-based UPS prediction, such as
SecretomeP, may aid the investigation of cargos of interest
when studying unconventional secretion. Nevertheless, it is
important to note that the algorithms in SecretomeP are
trained in mammalian and bacterial proteins, thus, limiting
the reliability of predictions in other lineages (Bendtsen
et al., 2004; Lonsdale et al., 2016). Another set of questions
should be asked concerning the evolution of unconventional
secretion. UPS appears to be a widely distributed phenomenon
across the evolutionary tree of life. Considering how many
substrates, lineages, and mechanisms are involved, UPS may have
evolved many times independently, although some pathways
may be conserved. With regard to UPS cargo, the secondary
structure of the cargos might play an even more important
role here than peptide sequence per se. Might there be
structural motifs that are preserved, acting as signals for
secretion? Working toward answers for all these questions
might turn out to be highly beneficial for translational research
with UPS as a target for drug and vaccine development
(Kim et al., 2018).
CONCLUSION
The topic of UPS and its related mechanisms is gaining more and
more interest in the field of protein research in protist parasites.
One fundamental difference in unconventional secretion between
mammalian cells and parasitic protists is that protist parasite
cells secrete certain substrates unconventionally in normal
growth conditions. In contrast, UPS in mammalian cells seems
most often to be triggered by cellular stress, inflammation,
starvation, ER stress, or mechanical stressors (Giuliani et al.,
2011; Merani et al., 2015; Kim et al., 2016; Rabouille, 2017).
The reason why mammalian cells are employing UPS when
the cell is under a severe stressor is not fully understood. The
strong connection in mammalian UPS to immune response
and inflammation processes makes it likely that substrates
of UPS have key roles for survival of the organism. When
impaired, severe illness or death could be a likely outcome.
Therefore, from an evolutionary point of view, the reduction
in complexity of the pathway might be under strong selective
pressure, while under normal conditions, there is no pressure to
streamline the secretion process. Interesting findings in neuronal
research suggest that Golgi bypassing, UPS type IV, is not
only widespread in several neuron cell types but also affects
a large amount of key membrane proteins on a regular basis,
while the cells are not under stress conditions (Hanus et al.,
2016; Kennedy and Hanus, 2019). This bypass, or the core
glycosylation connected to the studied bypass, leads to the
affected proteins being unusually fragile (Hanus et al., 2016).
This instability reduces the distance the proteins are able to
travel before degrading, limiting them to exploring synapses
very locally (Hanus et al., 2016). It is possible that UPS in
this case is a way of fine tuning the release of key membrane
proteins, making them only available to few synapses for a
short period of time (Hanus et al., 2016; Kennedy and Hanus,
2019). This example shows that certain mammalian cell types
are employing UPS without the influence of stressors and
suggests that UPS pathways are much more regularly used than
initially thought.
Parasites are well known in evolutionary biology for being a
good example of reductive evolution. The parasitic lifestyle allows
these organisms to reduce certain metabolic pathways or even
organelles, wherever the function can be replaced or hitchhiked
from its host organism, making parasites very efficient life forms
with the main focus of their cell functions to persist, reproduce,
and spread to new hosts. The environmental changes a parasite
faces urges the organism to adapt as quickly as possible to the
new habitat as, if it fails to do so, it will have fatal consequences,
and the parasite will not be able to establish in a host or its
vector (Ginger, 2014). This is in line with the selection pressure
to reduce complexity of protein secretion in parasitic protists.
Another advantage of unconventional secretion pathways
is that, with separate pathways, the cell prevents unwanted
interactions, for example, between glycoproteins and their
ligands at the wrong time or location (Popa et al., 2018).
While the ER–Golgi-dependent secretion pathway seems to be
advantageous for the majority of proteins in mammalian cells
under normal circumstances, UPS as a streamlined alternative
seems to bring a selective advantage in a parasitic lifestyle and in
mammalian cells under stress. Furthermore, many UPS studies
concern cargos displaying moonlighting functions, suggesting
that UPS and moonlighting are closely connected (Jeffery, 2018).
Both unconventional secretion pathways as well as moonlighting
functions of a protein are parsimonious changes to their classic
alternatives and, therefore, represent a streamlining of this
essential cellular process.
A better understanding of underlying secretion mechanisms
could reveal possible ways to regulate or prevent export of
UPS substrates involved in an astonishing variety of health and
disease-related pathways. The fact that UPS plays an essential
role in some of the most prevalent, most life-threatening
diseases, points out the significance of research on UPS to
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understand these unconventional pathways, which seem not so
unconventional after all.
AUTHOR CONTRIBUTIONS
EB produced the illustration. Both authors wrote and revised
the manuscript.
FUNDING
CF is funded by Swiss National Science Foundation grants
PR00P3_179813, PR00P3_179813/2, and PR00P3_179813/3.
Publication fees for this manuscript were covered by
Swiss National Science Foundation grant PRAC-3_
205268.
REFERENCES
Alvarez, F., Fritz, J. H., and Piccirillo, C. A. (2019). Pleiotropic effects of IL-33 on
CD4+ T cell differentiation and effector functions. Front. Immunol. 10, 522.
doi: 10.3389/fimmu.2019.00522
Ahn, C. S., Kim, J. G., Shin, M. H., Lee, Y. A., and Kong, Y. (2018). Comparison
of secretome profile of pathogenic and non−pathogenic Entamoeba histolytica.
Proteomics 18:1700341. doi: 10.1002/pmic.201700341
Andersson, U., and Tracey, K. J. (2011). HMGB1 is a therapeutic target for sterile
inflammation and infection. Annu. Rev. Immunol. 29, 139–162. doi: 10.1146/
annurev-immunol-030409-101323
Andrei, C., Margiocco, P., Poggi, A., Lotti, L. V., Torrisi, M., and Rubartelli, A.
(2004). Phospholipases C and A2 control lysosome-mediated IL-1β secretion:
implications for inflammatory processes. Proc. Natl. Acad. Sci. U.S.A. 101,
9745–9750. doi: 10.1073/pnas.0308558101
Ankarklev, J., Jerlström-Hultqvist, J., Ringqvist, E., Troell, K., and Svärd, S. G.
(2010). Behind the smile: cell biology and disease mechanisms of Giardia
species. Nat. Rev. Microbiol. 8, 413–422. doi: 10.1038/nrmicro2317
Auron, P. E., Webb, A. C., Rosenwasser, L. J., Mucci, S. F., Rich, A., Wolff, S. M.,
et al. (1984). Nucleotide sequence of human monocyte interleukin 1 precursor
cDNA. Proc. Natl. Acad. Sci. U.S.A. 81, 7907–7911. doi: 10.1073/pnas.81.24.
7907
Banik, S., Viveros, P. R., Seeber, F., Klotz, C., Ignatius, R., and Aebischer, T. (2013).
Giardia duodenalis arginine deiminase modulates the phenotype and cytokine
secretion of human dendritic cells by depletion of arginine and formation of
ammonia. Infect. Immun. 81, 2309–2317. doi: 10.1128/iai.00004-13
Bendtsen, J. D., Jensen, L. J., Blom, N., Von Heijne, G., and Brunak, S. (2004).
Feature-based prediction of non-classical and leaderless protein secretion.
Protein Eng. Des. Selec. 17, 349–356. doi: 10.1093/protein/gzh037
Bikfalvi, A., Klein, S., Pintucci, G., and Rifkin, D. B. (1997). Biological roles of
fibroblast growth factor-2. Endoc. Rev. 18, 26–45. doi: 10.1210/edrv.18.1.0292
Biller, L., Matthiesen, J., Kuehne, V., Lotter, H., Handal, G., Nozaki, T., et al. (2014).
The cell surface proteome of Entamoeba histolytica. Mol. Cell. Proteomics 13,
132–144.
Bruns, C., McCaffery, J. M., Curwin, A. J., Duran, J. M., and Malhotra, V.
(2011). Biogenesis of a novel compartment for autophagosome-mediated
unconventional protein secretion. J. Cell Biol. 195, 979–992. doi: 10.1083/jcb.
201106098
Cabral, M., Anjard, C., Malhotra, V., Loomis, W. F., and Kuspa, A. (2010).
Unconventional secretion of AcbA in Dictyostelium discoideum through
a vesicular intermediate. Eukaryot. Cell 9, 1009–1017. doi: 10.1128/ec.00
337-09
Cayrol, C., and Girard, J. P. (2018). Interleukin−33 (IL−33): a nuclear cytokine
from the IL−1 family. Immunol. Rev. 281, 154–168. doi: 10.1111/imr.12619
Cha, S.-J., Kim, M.-S., Pandey, A., and Jacobs-Lorena, M. (2016). Identification
of GAPDH on the surface of Plasmodium sporozoites as a new candidate for
targeting malaria liver invasion. J. Exp. Med. 213, 2099–2112. doi: 10.1084/jem.
20160059
Chauhan, A. S., Rawat, P., Malhotra, H., Sheokand, N., Kumar, M., Patidar, A., et al.
(2015). Secreted multifunctional Glyceraldehyde-3-phosphate dehydrogenase
sequesters lactoferrin and iron into cells via a non-canonical pathway. Sci. Rep.
5, 1–10.
Chen, H., Sun, Y., Lai, L., Wu, H., Xiao, Y., Ming, B., et al. (2015). Interleukin-
33 is released in spinal cord and suppresses experimental autoimmune
encephalomyelitis in mice. Neuroscience 308, 157–168. doi: 10.1016/j.
neuroscience.2015.09.019
Cleyrat, C., Darehshouri, A., Steinkamp, M. P., Vilaine, M., Boassa, D., Ellisman,
M. H., et al. (2014). Mpl traffics to the cell surface through conventional and
unconventional routes. Traffic 15, 961–982. doi: 10.1111/tra.12185
Collingridge, P. W., Brown, R. W., and Ginger, M. L. (2010). Moonlighting
enzymes in parasitic protozoa. Parasitology 137, 1467–1475. doi: 10.1017/
s0031182010000259
Coltrini, D., Rusnati, M., Zoppetti, G., Oreste, P., Isacchi, A., Caccia, P., et al.
(1993). Biochemical bases of the interaction of human basic fibroblast growth
factor with glycosaminoglycans: new insights from trypsin digestion studies.
Eur. J. Biochem. 214, 51–58. doi: 10.1111/j.1432-1033.1993.tb17895.x
Cruz-Garcia, D., Brouwers, N., Malhotra, V., and Curwin, A. J. (2020). Reactive
oxygen species triggers unconventional secretion of antioxidants and Acb1.
J. Cell Biol. 219:e201905028.
Cuervo, P., De Jesus, J. B., Saboia-Vahia, L., Mendonça-Lima, L., Domont, G. B.,
and Cupolillo, E. (2009). Proteomic characterization of the released/secreted
proteins of Leishmania (Viannia) braziliensis promastigotes. J. Proteomics 73,
79–92. doi: 10.1016/j.jprot.2009.08.006
Curwin, A. J., Brouwers, N., Adell, M. A. Y., Teis, D., Turacchio, G., Parashuraman,
S., et al. (2016). ESCRT-III drives the final stages of CUPS maturation for
unconventional protein secretion. eLife 5:e16299.
Daniels, M. J., and Brough, D. (2017). Unconventional pathways of secretion
contribute to inflammation. Int. J. Mol. Sci. 18:102. doi: 10.3390/ijms18010102
Das, S., Freier, A., Boussoffara, T., Das, S., Oswald, D., Losch, F. O., et al. (2014).
Modular multiantigen T cell epitope–enriched DNA vaccine against human
leishmaniasis. Sci. Transl. Med. 6:234ra256.
Daubenberger, C. A., Tisdale, E. J., Curcic, M., Diaz, D., Silvie, O., Mazier, D., et al.
(2003). The N’-terminal domain of glyceraldehyde-3-phosphate dehydrogenase
of the apicomplexan Plasmodium falciparum mediates GTPase Rab2-dependent
recruitment to membranes. Biol. Chem. 384, 1227–1237.
Davids, B. J., Liu, C. M., Hanson, E. M., Le, C. H., Ang, J., Hanevik, K., et al. (2019).
Identification of conserved candidate vaccine antigens in the surface proteome
of Giardia lamblia. Infect. Immun. 87:e00219-19.
Demarta−Gatsi, C., Rivkin, A., Di Bartolo, V., Peronet, R., Ding, S., Commere,
P. H., et al. (2019). Histamine releasing factor and elongation factor 1 alpha
secreted via malaria parasites extracellular vesicles promote immune evasion by
inhibiting specific T cell responses. Cell. Microbiol. 21:e13021.
Denny, P. W., Gokool, S., Russell, D. G., Field, M. C., and Smith, D. F. (2000).
Acylation-dependent protein export in Leishmania. J. Biol. Chem. 275, 11017–
11025. doi: 10.1074/jbc.275.15.11017
Dinarello, C. A. (1996). Biologic basis for interleukin-1 in disease. Blood 87,
2095–2147. doi: 10.1182/blood.v87.6.2095.bloodjournal8762095
Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., et al. (2016). Pore-forming
activity and structural autoinhibition of the gasdermin family. Nature 535,
111–116. doi: 10.1038/nature18590
Dubourg, A., Xia, D., Winpenny, J. P., Al Naimi, S., Bouzid, M., Sexton, D. W., et al.
(2018). Giardia secretome highlights secreted tenascins as a key component of
pathogenesis. GigaScience 7:giy003.
Dupont, N., Jiang, S., Pilli, M., Ornatowski, W., Bhattacharya, D., and Deretic, V.
(2011). Autophagy−based unconventional secretory pathway for extracellular
delivery of IL−1β. EMBO J. 30, 4701–4711. doi: 10.1038/emboj.2011.398
Duran, J. M., Anjard, C., Stefan, C., Loomis, W. F., and Malhotra, V. (2010).
Unconventional secretion of Acb1 is mediated by autophagosomes. J. Cell Biol.
188, 527–536. doi: 10.1083/jcb.200911154
Eckmann, L., Laurent, F., Langford, T. D., Hetsko, M. L., Smith, J. R., Kagnoff,
M. F., et al. (2000). Nitric oxide production by human intestinal epithelial cells
and competition for arginine as potential determinants of host defense against
Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 May 2021 | Volume 9 | Article 662711
fcell-09-662711 May 18, 2021 Time: 17:18 # 10
Balmer and Faso UPS in Protist Parasites
the lumen-dwelling pathogen Giardia lamblia. J. Immunol. 164, 1478–1487.
doi: 10.4049/jimmunol.164.3.1478
Emr, S. D., and Silhavy, T. J. (1983). Importance of secondary structure in the signal
sequence for protein secretion. Proc. Natl. Acad. Sci. U.S.A. 80, 4599–4603.
doi: 10.1073/pnas.80.15.4599
Evavold, C. L., Ruan, J., Tan, Y., Xia, S., Wu, H., and Kagan, J. C. (2018). The
pore-forming protein gasdermin D regulates interleukin-1 secretion from living
macrophages. Immunity 48, 35–44. doi: 10.1016/j.immuni.2017.11.013
Fairlie-Clarke, K., Barbour, M., Wilson, C., Hridi, S. U., Allan, D., and Jiang, H.
R. (2018). Expression and function of IL-33/ST2 axis in the central nervous
system under normal and diseased conditions. Front. Immunol. 9, 2596. doi:
10.3389/fimmu.2018.02596
Fink, S. L., and Cookson, B. T. (2005). Apoptosis, pyroptosis, and necrosis:
mechanistic description of dead and dying eukaryotic cells. Infect. Immun. 73,
1907–1916. doi: 10.1128/iai.73.4.1907-1916.2005
Flaumenhaft, R., Moscatelli, D., and Rifkin, D. B. (1990). Heparin and heparan
sulfate increase the radius of diffusion and action of basic fibroblast growth
factor. J. Cell Biol. 111, 1651–1659. doi: 10.1083/jcb.111.4.1651
Flieger, O., Engling, A., Bucala, R., Lue, H., Nickel, W., and Bernhagen, J. (2003).
Regulated secretion of macrophage migration inhibitory factor is mediated by
a non-classical pathway involving an ABC transporter. FEBS Lett. 551, 78–86.
doi: 10.1016/s0014-5793(03)00900-1
Gargantini, P. R., del Carmen Serradell, M., Ríos, D. N., Tenaglia, A. H., and Luján,
H. D. (2016). Antigenic variation in the intestinal parasite Giardia lamblia.
Curr. Opin. Microbiol. 32, 52–58. doi: 10.1016/j.mib.2016.04.017
Gee, H. Y., Kim, J., and Lee, M. G. (2018). Unconventional secretion
of transmembrane proteins. Paper presented at the seminars in cell &
developmental biology. Semin. Cell Dev. Biol. 83, 59–66. doi: 10.1016/j.semcdb.
2018.03.016
Gee, H. Y., Noh, S. H., Tang, B. L., Kim, K. H., and Lee, M. G.
(2011). Rescue of 1F508-CFTR trafficking via a GRASP-dependent
unconventional secretion pathway. Cell 146, 746–760. doi: 10.1016/j.cell.2011.
07.021
Geiger, A., Hirtz, C., Bécue, T., Bellard, E., Centeno, D., Gargani, D., et al. (2010).
Exocytosis and protein secretion in Trypanosoma. BMC Microbiol. 10:20. doi:
10.1186/1471-2180-10-20
Ghosh, A. K., Coppens, I., Gårdsvoll, H., Ploug, M., and Jacobs-Lorena, M. (2011).
Plasmodium ookinetes coopt mammalian plasminogen to invade the mosquito
midgut. Proc. Natl. Acad. Sci. U.S.A. 108, 17153–17158. doi: 10.1073/pnas.
1103657108
Ginger, M. L. (2014). Protein Moonlighting in Parasitic Protists. London: Portland
Press Ltd.
Giuliani, F., Grieve, A., and Rabouille, C. (2011). Unconventional secretion: a stress
on GRASP. Curr. Opin. Cell Biol. 23, 498–504. doi: 10.1016/j.ceb.2011.04.005
Gómez-Arreaza, A., Acosta, H., Quinones, W., Concepción, J. L., Michels, P. A.,
and Avilán, L. (2014). Extracellular functions of glycolytic enzymes of parasites:
unpredicted use of ancient proteins. Mol. Biochem. Parasitol. 193, 75–81. doi:
10.1016/j.molbiopara.2014.02.005
Grébaut, P., Chuchana, P., Brizard, J.-P., Demettre, E., Seveno, M., Bossard,
G., et al. (2009). Identification of total and differentially expressed excreted–
secreted proteins from Trypanosoma congolense strains exhibiting different
virulence and pathogenicity. Int. J. Parasitol. 39, 1137–1150. doi: 10.1016/j.
ijpara.2009.02.018
Hanus, C., Geptin, H., Tushev, G., Garg, S., Alvarez-Castelao, B., Sambandan,
S., et al. (2016). Unconventional secretory processing diversifies neuronal ion
channel properties. eLife 5:e20609.
He, W.-T., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., et al. (2015). Gasdermin
D is an executor of pyroptosis and required for interleukin-1β secretion. Cell
Res. 25, 1285–1298. doi: 10.1038/cr.2015.139
Heilig, R., Dick, M. S., Sborgi, L., Meunier, E., Hiller, S., and Broz, P. (2017).
The Gasdermin−D pore acts as a conduit for IL−1β secretion in mice. Eur.
J. Immunol. 48, 584–592. doi: 10.1002/eji.201747404
Hiranuma, N., Park, H., Baek, M., Anishchenko, I., Dauparas, J., and Baker, D.
(2021). Improved protein structure refinement guided by deep learning based
accuracy estimation. Nat. Commun. 12, 1–11.
Hughes, R. C. (1999). Secretion of the galectin family of mammalian carbohydrate-
binding proteins. Biochim. Biophys. Acta Gen. Sub. 1473, 172–185. doi: 10.1016/
s0304-4165(99)00177-4
Hung, L.-Y., Tanaka, Y., Herbine, K., Pastore, C., Singh, B., Ferguson, A.,
et al. (2020). Cellular context of IL-33 expression dictates impact on anti-
helminth immunity. Sci. Immunol. 5:eabc6259. doi: 10.1126/sciimmunol.abc6
259
Jeffery, C. J. (1999). Moonlighting proteins. Trends Biochem. Sci. 24, 8–11.
Jeffery, C. J. (2018). Protein moonlighting: what is it, and why is it important?
Philos. Trans. R. Soc. B Biol. Sci. 373:20160523. doi: 10.1098/rstb.2016.0523
Jones, L. A., Roberts, F., Nickdel, M. B., Brombacher, F., McKenzie, A. N.,
Henriquez, F. L., et al. (2010). IL−33 receptor (T1/ST2) signalling is necessary
to prevent the development of encephalitis in mice infected with Toxoplasma
gondii. Eur. J. Immunol. 40, 426–436. doi: 10.1002/eji.200939705
Kennedy, M. J., and Hanus, C. (2019). Architecture and dynamics of the neuronal
secretory network. Annu. Rev. Cell Dev. Biol. 35, 543–566. doi: 10.1146/
annurev-cellbio-100818-125418
Kim, J., Gee, H. Y., and Lee, M. G. (2018). Unconventional protein secretion–new
insights into the pathogenesis and therapeutic targets of human diseases. J. Cell
Sci. 131:jcs213686.
Kim, J., Noh, S. H., Piao, H., Kim, D. H., Kim, K., Cha, J. S., et al.
(2016). Monomerization and ER relocalization of GRASP is a requisite for
unconventional secretion of CFTR. Traffic 17, 733–753. doi: 10.1111/tra.12403
Kim, Y. H., Kwak, M. S., Lee, B., Shin, J. M., Aum, S., Park, I. H., et al.
(2020). Secretory autophagy machinery and vesicular trafficking are involved
in HMGB1 secretion. Autophagy 1–18. doi: 10.1080/15548627.2020.1826690
[Epub ahead of print].
Kinseth, M. A., Anjard, C., Fuller, D., Guizzunti, G., Loomis, W. F., and Malhotra,
V. (2007). The Golgi-associated protein GRASP is required for unconventional
protein secretion during development. Cell 130, 524–534. doi: 10.1016/j.cell.
2007.06.029
Kouzaki, H., Iijima, K., Kobayashi, T., O’Grady, S. M., and Kita, H. (2011). The
danger signal, extracellular ATP, is a sensor for an airborne allergen and triggers
IL-33 release and innate Th2-type responses. J. Immunol. 186, 4375–4387. doi:
10.4049/jimmunol.1003020
Kuriakose, T., and Kanneganti, T.-D. (2018). Gasdermin D flashes an exit signal for
IL-1. Immunity 48, 1–3. doi: 10.1016/j.immuni.2018.01.003
La Venuta, G., Zeitler, M., Steringer, J. P., Müller, H.-M., and Nickel, W. (2015).
The startling properties of fibroblast growth factor 2: how to exit mammalian
cells without a signal peptide at hand. J. Biol. Chem. 290, 27015–27020. doi:
10.1074/jbc.r115.689257
Lama, A., Kucknoor, A., Mundodi, V., and Alderete, J. (2009). Glyceraldehyde-3-
phosphate dehydrogenase is a surface-associated, fibronectin-binding protein
of Trichomonas vaginalis. Infec. Immun. 77, 2703–2711. doi: 10.1128/iai.00157-
09
Lamkanfi, M. (2011). Emerging inflammasome effector mechanisms. Nat. Rev.
Immunol. 11, 213–220. doi: 10.1038/nri2936
Lamkanfi, M., and Dixit, V. M. (2012). Inflammasomes and their roles in health and
disease. Annu. Rev. Cell Dev. Biol. 28, 137–161. doi: 10.1146/annurev-cellbio-
101011-155745
Legrand, C., Saleppico, R., Sticht, J., Lolicato, F., Müller, H.-M., Wegehingel, S.,
et al. (2020). The Na, K-ATPase acts upstream of phosphoinositide PI (4, 5) P 2
facilitating unconventional secretion of Fibroblast Growth Factor 2. Commun.
Biol. 3, 1–16.
Lieberman, J., Wu, H., and Kagan, J. C. (2019). Gasdermin D activity in
inflammation and host defense. Sci. Immunol. 4:eaav1447. doi: 10.1126/
sciimmunol.aav1447
Lonsdale, A., Davis, M. J., Doblin, M. S., and Bacic, A. (2016). Better than nothing?
Limitations of the prediction tool SecretomeP in the search for leaderless
secretory proteins (LSPs) in plants. Front. Plant Sci. 7:1451. doi: 10.3389/fpls.
2016.01451
Lopez-Castejon, G., and Brough, D. (2011). Understanding the mechanism of IL-
1β secretion. Cytokine Growth Factor Rev. 22, 189–195. doi: 10.1016/j.cytogfr.
2011.10.001
Ma’ayeh, S. Y., Liu, J., Peirasmaki, D., Hörnaeus, K., Lind, S. B., Grabherr,
M., et al. (2017). Characterization of the Giardia intestinalis secretome
during interaction with human intestinal epithelial cells: the impact on
host cells. PLoS Negl. Trop. Dis. 11:e0006120. doi: 10.1371/journal.pntd.000
6120
MacLean, L. M., O’Toole, P. J., Stark, M., Marrison, J., Seelenmeyer, C., Nickel,
W., et al. (2012). Trafficking and release of Leishmania metacyclic HASPB on
Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 May 2021 | Volume 9 | Article 662711
fcell-09-662711 May 18, 2021 Time: 17:18 # 11
Balmer and Faso UPS in Protist Parasites
macrophage invasion. Cell. Microbiol. 14, 740–761. doi: 10.1111/j.1462-5822.
2012.01756.x
Maedler, K., Dharmadhikari, G., Schumann, D. M., and Størling, J. (2009).
Interleukin-1 beta targeted therapy for type 2 diabetes. Expert Opin. Biol. Ther.
9, 1177–1188. doi: 10.1517/14712590903136688
Malhotra, V. (2013). Unconventional protein secretion: an evolving mechanism.
EMBO J. 32, 1660–1664. doi: 10.1038/emboj.2013.104
Manjithaya, R., Anjard, C., Loomis, W. F., and Subramani, S. (2010).
Unconventional secretion of Pichia pastoris Acb1 is dependent on GRASP
protein, peroxisomal functions, and autophagosome formation. J. Cell Biol. 188,
537–546. doi: 10.1083/jcb.200911149
Marie, M., Dale, H. A., Sannerud, R., and Saraste, J. (2009). The function of
the intermediate compartment in pre-Golgi trafficking involves its stable
connection with the centrosome. Mol. Biol. Cell 20, 4458–4470. doi: 10.1091/
mbc.e08-12-1229
Martín-Sánchez, F., Diamond, C., Zeitler, M., Gomez, A., Baroja-Mazo, A.,
Bagnall, J., et al. (2016). Inflammasome-dependent IL-1 β release depends upon
membrane permeabilisation. Cell Death Differ. 23, 1219–1231. doi: 10.1038/
cdd.2015.176
Mathivanan, S., Ji, H., and Simpson, R. J. (2010). Exosomes: extracellular organelles
important in intercellular communication. J. Proteomics 73, 1907–1920. doi:
10.1016/j.jprot.2010.06.006
McGrath, J. P., and Varshavsky, A. (1989). The yeast STE6 gene encodes a
homologue of the mammalian multidrug resistance P-glycoprotein. Nature 340,
400–404. doi: 10.1038/340400a0
Merani, S., Chen, W., and Elahi, S. (2015). The bitter side of sweet: the role of
Galectin−9 in immunopathogenesis of viral infections. Rev. Med. Virol. 25,
175–186. doi: 10.1002/rmv.1832
Miranda-Ozuna, J. F., Hernández-García, M. S., Brieba, L. G., Benítez-Cardoza,
C. G., Ortega-López, J., González-Robles, A., et al. (2016). The glycolytic
enzyme triosephosphate isomerase of Trichomonas vaginalis is a surface-
associated protein induced by glucose that functions as a laminin-and
fibronectin-binding protein. Infect. Immun. 84, 2878–2894. doi: 10.1128/iai.
00538-16
Miura, N., Kirino, A., Endo, S., Morisaka, H., Kuroda, K., Takagi, M., et al. (2012).
Tracing putative trafficking of the glycolytic enzyme enolase via SNARE-
driven unconventional secretion. Eukaryot. Cell 11, 1075–1082. doi: 10.1128/
ec.00075-12
Molofsky, A. B., Savage, A. K., and Locksley, R. M. (2015). Interleukin-33 in
tissue homeostasis, injury, and inflammation. Immunity 42, 1005–1019. doi:
10.1016/j.immuni.2015.06.006
Möskes, C., Burghaus, P. A., Wernli, B., Sauder, U., Dürrenberger, M., and Kappes,
B. (2004). Export of Plasmodium falciparum calcium−dependent protein kinase
1 to the parasitophorous vacuole is dependent on three N−terminal membrane
anchor motifs. Mol. Microbiol. 54, 676–691. doi: 10.1111/j.1365-2958.2004.
04313.x
Nandan, D., Yi, T., Lopez, M., Lai, C., and Reiner, N. E. (2002). Leishmania
EF-1α activates the Src homology 2 domain containing tyrosine phosphatase
SHP-1 leading to macrophage deactivation. J. Biol. Chem. 277, 50190–50197.
doi: 10.1074/jbc.m209210200
Naouar, I., Boussoffara, T., Chenik, M., Gritli, S., Ahmed, M. B., Hmida,
N. B., et al. (2016). Prediction of T cell epitopes from Leishmania major
potentially excreted/secreted proteins inducing granzyme B production. PLoS
One 11:e0147076. doi: 10.1371/journal.pone.0147076
Neves, R. F., Fernandes, A. C., Meyer-Fernandes, J. R., and Souto-Padrón, T.
(2014). Trypanosoma cruzi-secreted vesicles have acid and alkaline phosphatase
activities capable of increasing parasite adhesion and infection. Parasitol. Res.
113, 2961–2972. doi: 10.1007/s00436-014-3958-x
Nickel, W. (2005). Unconventional secretory routes: direct protein export across
the plasma membrane of mammalian cells. Traffic 6, 607–614. doi: 10.1111/j.
1600-0854.2005.00302.x
Nickel, W., and Rabouille, C. (2009). Mechanisms of regulated unconventional
protein secretion. Nat. Rev. Mol. Cell Biol. 10, 148–155. doi: 10.1038/nrm
2617
Noh, S. H., Gee, H. Y., Kim, Y., Piao, H., Kim, J., Kang, C. M., et al. (2018).
Specific autophagy and ESCRT components participate in the unconventional
secretion of CFTR. Autophagy 14, 1761–1778. doi: 10.1080/15548627.2018.148
9479
Palade, G. (1975). Intracellular aspects of the process of protein synthesis. Science
189, 347–358. doi: 10.1126/science.1096303
Popa, S. J., Stewart, S. E., and Moreau, K. (2018). Unconventional secretion of
annexins and galectins. Semin. Cell Dev. Biol. 83, 42–50. doi: 10.1016/j.semcdb.
2018.02.022
Prydz, K., Tveit, H., Vedeler, A., and Saraste, J. (2012). Arrivals and departures at
the plasma membrane: direct and indirect transport routes. Cell Tissue Res. 352,
5–20. doi: 10.1007/s00441-012-1409-5
Qu, Y., Franchi, L., Nunez, G., and Dubyak, G. R. (2007). Nonclassical IL-
1β secretion stimulated by P2X7 receptors is dependent on inflammasome
activation and correlated with exosome release in murine macrophages.
J. Immunol. 179, 1913–1925. doi: 10.4049/jimmunol.179.3.1913
Rabouille, C. (2017). Pathways of unconventional protein secretion. Trends Cell
Biol. 27, 230–240. doi: 10.1016/j.tcb.2016.11.007
Rabouille, C., Malhotra, V., and Nickel, W. (2012). Diversity in unconventional
protein secretion. J. Cell Sci. 125, 5251–5255. doi: 10.1242/jcs.103630
Riahi, Y., Siman-Tov, R., and Ankri, S. (2004). Molecular cloning, expression
and characterization of a serine proteinase inhibitor gene from Entamoeba
histolytica. Mol. Biochem. Parasitol. 133, 153–162. doi: 10.1016/j.molbiopara.
2003.10.003
Ricardo, S., and Lehmann, R. (2009). An ABC transporter controls export of a
Drosophila germ cell attractant. Science 323, 943–946. doi: 10.1126/science.
1166239
Ringqvist, E., Palm, J. D., Skarin, H., Hehl, A. B., Weiland, M., Davids, B. J., et al.
(2008). Release of metabolic enzymes by Giardia in response to interaction with
intestinal epithelial cells. Mol. Biochem. Parasitol. 159, 85–91. doi: 10.1016/j.
molbiopara.2008.02.005
Rothman, J. E. (1994). Mechanisms of intracellular protein transport. Nature 372,
55–63. doi: 10.1038/372055a0
Rubartelli, A., Cozzolino, F., Talio, M., and Sitia, R. (1990). A novel secretory
pathway for interleukin−1 beta, a protein lacking a signal sequence. EMBO J. 9,
1503–1510. doi: 10.1002/j.1460-2075.1990.tb08268.x
Ryan, N., Anderson, K., Volpedo, G., Varikuti, S., Satoskar, M., Satoskar, S., et al.
(2020). The IL-33/ST2 axis in immune responses against parasitic disease:
potential therapeutic applications. Front. Cell. Infect. Microbiol. 10:153. doi:
10.3389/fcimb.2020.00153
Schäfer, T., Zentgraf, H., Zehe, C., Brügger, B., Bernhagen, J., and Nickel, W. (2004).
Unconventional secretion of fibroblast growth factor 2 is mediated by direct
translocation across the plasma membrane of mammalian cells. J. Biol. Chem.
279, 6244–6251. doi: 10.1074/jbc.m310500200
Silverman, J. M., Chan, S. K., Robinson, D. P., Dwyer, D. M., Nandan, D., Foster,
L. J., et al. (2008). Proteomic analysis of the secretome of Leishmania donovani.
Genome Biol. 9:R35.
Skarin, H., Ringqvist, E., Hellman, U., and Svärd, S. G. (2011). Elongation factor 1-
alpha is released into the culture medium during growth of Giardia intestinalis
trophozoites. Exp. Parasitol. 127, 804–810. doi: 10.1016/j.exppara.2011.01.006
Song, Y., DiMaio, F., Wang, R. Y.-R., Kim, D., Miles, C., Brunette, T., et al.
(2013). High-resolution comparative modeling with RosettaCM. Structure 21,
1735–1742. doi: 10.1016/j.str.2013.08.005
Stadelmann, B., Merino, M. C., Persson, L., and Svärd, S. G. (2012). Arginine
consumption by the intestinal parasite Giardia intestinalis reduces proliferation
of intestinal epithelial cells. PLoS One 7:e45325. doi: 10.1371/journal.pone.
0045325
Stegmayer, C., Kehlenbach, A., Tournaviti, S., Wegehingel, S., Zehe, C., Denny, P.,
et al. (2005). Direct transport across the plasma membrane of mammalian cells
of Leishmania HASPB as revealed by a CHO export mutant. J. Cell Sci. 118,
517–527. doi: 10.1242/jcs.01645
Steringer, J. P., Müller, H.-M., and Nickel, W. (2015). Unconventional secretion
of fibroblast growth factor 2—a novel type of protein translocation across
membranes? J. Mol. Biol. 427, 1202–1210. doi: 10.1016/j.jmb.2014.07.012
Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and inflammation.
Cell 140, 805–820. doi: 10.1016/j.cell.2010.01.022
Temmerman, K., Ebert, A. D., Müller, H. M., Sinning, I., Tews, I., and Nickel,
W. (2008). A direct role for phosphatidylinositol−4, 5−bisphosphate in
unconventional secretion of fibroblast growth factor 2. Traffic 9, 1204–1217.
doi: 10.1111/j.1600-0854.2008.00749.x
Thavayogarajah, T., Gangopadhyay, P., Rahlfs, S., Becker, K., Lingelbach, K.,
Przyborski, J. M., et al. (2015). Alternative protein secretion in the malaria
Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 May 2021 | Volume 9 | Article 662711
fcell-09-662711 May 18, 2021 Time: 17:18 # 12
Balmer and Faso UPS in Protist Parasites
parasite Plasmodium falciparum. PLoS One 10:e0125191. doi: 10.1371/journal.
pone.0125191
Théry, C., Ostrowski, M., and Segura, E. (2009). Membrane vesicles as conveyors
of immune responses. Nat. Rev. Immunol. 9, 581–593. doi: 10.1038/nri2567
Touz, M. C., Rópolo, A. S., Rivero, M. R., Vranych, C. V., Conrad, J. T., Svard, S. G.,
et al. (2008). Arginine deiminase has multiple regulatory roles in the biology of
Giardia lamblia. J. Cell Sci. 121, 2930–2938. doi: 10.1242/jcs.026963
Tovy, A., Tov, R. S., Gaentzsch, R., Helm, M., and Ankri, S. (2010). A new nuclear
function of the Entamoeba histolytica glycolytic enzyme enolase: the metabolic
regulation of cytosine-5 methyltransferase 2 (Dnmt2) activity. PLoS Pathog.
6:e1000775. doi: 10.1371/journal.ppat.1000775
Tristan, C., Shahani, N., Sedlak, T. W., and Sawa, A. (2011). The diverse functions
of GAPDH: views from different subcellular compartments. Cell. Signal. 23,
317–323. doi: 10.1016/j.cellsig.2010.08.003
Wegehingel, S., Zehe, C., and Nickel, W. (2008). Rerouting of fibroblast growth
factor 2 to the classical secretory pathway results in post-translational
modifications that block binding to heparan sulfate proteoglycans. FEBS Lett.
582, 2387–2392. doi: 10.1016/j.febslet.2008.05.042
Woodbury, M. E., and Ikezu, T. (2014). Fibroblast growth factor-2 signaling in
neurogenesis and neurodegeneration. J. Neuroimmune Pharmacol. 9, 92–101.
doi: 10.1007/s11481-013-9501-5
Yang, J., Anishchenko, I., Park, H., Peng, Z., Ovchinnikov, S., and Baker, D.
(2020). Improved protein structure prediction using predicted interresidue
orientations. Proc. Nat. Acad. Sci. 117, 1496–1503. doi: 10.1073/pnas.
1914677117
Yasuoka, S., Kawanokuchi, J., Parajuli, B., Jin, S., Doi, Y., Noda, M., et al. (2011).
Production and functions of IL-33 in the central nervous system. Brain Res.
1385, 8–17. doi: 10.1016/j.brainres.2011.02.045
Yoo, J.-S., Moyer, B. D., Bannykh, S., Yoo, H.-M., Riordan, J. R., and Balch,
W. E. (2002). Non-conventional trafficking of the cystic fibrosis transmembrane
conductance regulator through the early secretory pathway. J. Biol. Chem. 277,
11401–11409. doi: 10.1074/jbc.m110263200
Yoon, J.-H., Ryu, J., and Baek, S. J. (2018). Moonlighting activity of secreted
inflammation-regulatory proteins. Yonsei Med. J. 59, 463–469. doi: 10.3349/
ymj.2018.59.4.463
Zehe, C., Engling, A., Wegehingel, S., Schäfer, T., and Nickel, W. (2006).
Cell-surface heparan sulfate proteoglycans are essential components of the
unconventional export machinery of FGF-2. Proc. Natl. Acad. Sci. U.S.A. 103,
15479–15484. doi: 10.1073/pnas.0605997103
Zeitler, M., Steringer, J. P., Mülle, H.-M., Mayer, M. P., and Nickel, W. (2015). HIV-
Tat protein forms phosphoinositide-dependent membrane pores implicated
in unconventional protein secretion. J. Biol. Chem. 290, 21976–21984. doi:
10.1074/jbc.m115.667097
Zhang, M., Kenny, S. J., Ge, L., Xu, K., and Schekman, R. (2015). Translocation
of interleukin-1β into a vesicle intermediate in autophagy-mediated secretion.
eLife 4:e11205.
Zhang, M., Liu, L., Lin, X., Wang, Y., Li, Y., Guo, Q., et al. (2020). A translocation
pathway for vesicle-mediated unconventional protein secretion. Cell 181, 637–
652. doi: 10.1016/j.cell.2020.03.031
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2021 Balmer and Faso. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 May 2021 | Volume 9 | Article 662711
